Summary. A syndrome of diabetes, which appears to be dependent upon diet, is described in an Argentine rodent, the tuco-tuco. Hyperglycaemia and cataract are shown to be inversely related to age and associated with excess mortality. Pancreatic islet, renal glomerular and lens changes are similar to those of human diabetics. It is suggested that this species forms a useful model of h u m a n maturity onset diabetes.
captivity, maturity onset diabetes.
Spontaneous diabetes mellitus has been demonstrated in a variety of species [1, 2] , b u t its prevalence in a n y one captive group has been low except for the E g y p t i a n sand rat [3] , the spiny mouse [4] a n d the tree shrew [5] . A d e m a n d exists for an animal model of h u m a n diabetes to s t u d y the epidemiology and genetics of the disease a n d the interrelation of vascular lesions to the metabolic defects. Readily available animals are needed to assess the hypoglycaemic action of new drugs to counteract spontaneous diabetes. The present report analyses the features of a diabetic condition identified in a burrowing hystricomorph rodent (Fig. 1) , the tueo-tuco, Ctenomys talarum [6] . A n u m b e r of these animals was obtained from the Province of * Endocrine Unit, Royal Adelaide Hospital, North Terrace, Adelaide, South Australia 5000 Buenos Aires, Argentina, by one of us ( B . J . W . ) to s t u d y their reproductive physiology b u t cataracts were the features which led to the present investigation.
Animals and methods
Eighty-one tuco-tucos (weighing 85--210 g) were trapped [7] in Argentina in July 1967 and established in London; these are referred to as the parent colony. Most of the 6i females were pregnant when captured and 27 produced litters of 1--6 young between September and November 1967. These offspring are referred to as the F1 generation.
The animals were housed and fed (Fig. 4) as previously described. The diet offered to half the colony was varied as shown in Fig. 4 . After cataracts had been seen in F I generation tuco-tueos, in January 1968, all the FI animals were examined in February 1968, by the method described by Wise et al. [6] .
A retrobulbar bleeding technique was used on the left eye of each unfasted animal to obtain 50 ~I samples of blood [8] . These were analysed for total blood sugar using a modified micro-ferrieyanide method in an Autoanalyser [9] . Twenty-four hour urine samples were collected from 78 tuco-tucos and tested for sugar, ketones, protein and plcI by test strips and tablets (Ames). Most animals were tested once only but urine samples were collected from 17 animals on two or more occasions.
Insulin sensitivity tests were carried out in 41 animals using crystalline bovine insulin. Twenty-six received an intraperitoneal injection of 0.5 units/kg and 15 received 16 units/kg. Blood sugar estimations were made at 0, 30, 60 and 120 rain. Glucose tolerance tests were carried out on 28 animals; D-glucose (250 mg/kg) was administered by intraperitoneal injection and blood sugar levels estimated at 0, 30, 60 and 120 rain. For both these tests, normo-and hyperglycaemic animals With and without cataracts were included. Data on reproduction were obtained and are presented in a separate communication [10] .
Tissues from all animals killed or found dead were removed at autopsy for routine or special histology. The gonads, reproductive tracts, pancreas and kidney were fixed in Bouin's fluid and embedded in paraffin wax. Eyes were preserved in 5% formal saline or formal-acetic-alcohol and embedded in cclloidin or paraffin wax. Sections 
Results

I. Clinical and biochemical observations 1. Body weight and blood sugar levels
The weight changes of the parent colony are shown in Table 1 . A correlation was found between blood sugar and body weight at the time of sampling (r = 0.61, P = 0.001) (Fig. 5 ) but an inverse trend existed or more, but the remaining values were at 6.0. Protein was present in all but 13 samples. Glucose values ranged from 0.25 g/100 ml for most animals to over 2.0 g/100 ml in 7 animals, of which 4 had normal lenses. Glyeosuria was found in 30 of 35 (86~) cataractous and 30 of 43 (70%) non-cataractous animals. Ketones were found in the urine of 8 cataractous animals, of which 6 were also hyperglyeaemic, and in 6 non-cataractous animals, of which only one had a blood sugar level greater than 100 mg per cent.
Insulin sensitivity tests
The effect of insulin at the two dose levels on blood sugar levels in the tuco-tucos is shown in Fig. 7 . Neither group had previously received insulin and the composition of each was identical in terms of cataraetous and hyperglyeaemic animals. Blood sugar levels, both absolute and relative to the fasting level, showed no correlation with body weight at any time for either insulin dosage. At the lower dose rate of 0.5 kg, the percentage fall in blood sugar was directly related to the fasting level at 30 and 60 rain (P = 0.05) and the 120 rain blood sugar level was closely correlated with the fasting level (r = 0.82, P < 0.001). On the higher dose only one animal showed symptomatic evidence of hypoglycaemia. 
Glucose tolerance tests
A wide range of responses was recorded with no clear division into 'normal' and 'abnormal' types. A selection showing the range of these responses is given in Fig. 8 . No examples of reactive hypoglycaemia were recorded. The sum of blood glucose levels at each time point showed a high correlation with body weight.
Cataracts
A refractive change, seen only at the periphery of the lens with complete mydriasis (Fig. 9a) , was found in 8 F 1 animals (17%) and was thought to represent the earliest change. A further 19 F I animals (40%) showed definite structural lens abnormality. Vacuoles, either central or peripheral, were the most obvious change (Figs. 9b and c) . More advanced lesions such as clefts and wedges, patchy polar cataracts (Fig. 9d) (P =-0.001). The animals were allocated according to the condition of the less affected eye of a pair (Fig. 10) . The spectrum of lens change in the parent colony was similar to that in the F 1 colony (Fig. 9 ), but only 12 animals (18.5%) showed structural abnormalities, significantly fewer than in the F 1 generation (X 2 = 5.47, Fig. 9 . Photographs of lens lesions observed in tueo-tueos ( × 6). a) a refractive change seen at the periphery; b) vacuoles at the lens periphery; c) lens with scattered vacuoles; d) polar opacity; e) semi-dense, diffuse cataract; f) dense, diffuse cataract; g) early stage of regression: peripheral water clefts; h) later stage of regression: more water clefts and less dense opacity; i) last stage of regression: indications of recent opacity and refractive index changes and partial (Fig. 9e) or complete (Fig. 9f) opacifications were also observed. The mean blood sugar level of F 1 animals with normal lenses was 101 4-6 mg per cent compared with 150 4-13 mg per cent for the group showing vacuoles (0.001 < P < 0.01) and 220 4-11 mg per cent for the group with more advanced cataract 0.01 < P < 0.05). A total of 204 eyes were examined again after an interval since the first examination of 1 month for the parent colony and 3 months for the F 1 animals. In 138 lenses (68%) no changes had occurred. I n 38 lenses (19%), either new cataractous changes had appeared or existing lesions had progressed (Figs. 9g--i) . During this period between examinations the mean blood sugar of all the animals except those on the restricted Diet B (see Fig. 4 ) fell by 26 mg per cent. Fig. 11 shows the sequential trend in blood sugar levels of all animals showing lens lesions according to changes in the less affected eye of a pair. A clear relation was seen between the condition of the lens and blood sugar changes. Table 2 . No deaths from ketoacidosis were diagnosed and postmortem bladder urine contained glucose but no ketones. In one animal before death, the blood sugar level was 325 mg per cent although it had been 87 mg per cent a month previously. Diabetes did not initially appear to be the direct cause of death. However, an analysis in March 1968 of blood sugar levels of animals maintained on the unrestricted diet shows significantly higher levels in those animals that were subsequently found dead (Table 3 ). This suggests that hyperglycaemia, or predisposition to it, played a role in the deaths.
II. Histological observations 1. Pancreas
In the majority of normoglycaemic animals, islets were indistinguishable in number and size from those of albino mice, being evenly distributed throughout the pancreas and constituting an estimated 2--4% of total pancreatic mass. Within each islet, approximately 80% of the cells were beta-cells but, contrary to the appearances in the sand rat [11] and the spiny mouse [12] where alpha-cells are peripherally sited, in the tuco-tuco they were centrally arranged in common with a variety of hot-climate rodents [13] . Marked islet cell hyperplasia was seen in some glands (Fig. 3) and it was estimated that up to 15% of each pancreas was composed of islet tissue. Individual islets were larger and more numerous than in 'normal' glands and showed a higher proportion of beta-cells, although some alpha-cells were always identifiable. These appearances were invariably seen in animals on Diet A, with one exception, normoglycaemic and without cataracts. Varying degrees of beta-cell degTanulation were seen in hyperglycaemic animals mostly with, but occasionally without, islet hyperplasia. In two animals, both of the parent colony, the majority of the islets showed some degree of hyalinisation, which could be stained positively for amyloid with congo-red. No examples of glycogen vacuolation of beta-cells were noted.
The islet changes are similar to those which have been described for the spiny mouse and sand rat, the lack of glycogen vacuolation reflecting the absence of severe hyperglycaemia. In some animals the degree of islet hypertrophy matched that noted in the spiny mouse [4] .
Kidney
Macroscopically, the renal papillae were noted to be extremely long, as in the sand rat and spiny mouse, which occupy aridterrains. This undoubtedly reflects the increased tubular length described by Sperber [14] as being a feature of desert dwelling rodents, and which he showed to be correlated with increased water concentrating ability. Glomeruli in animals from the parent colony, whether diabetic or not, showed only diffuse argyrophilia of the mesangium and sometimes a degree pf basement membrane thickening in peripheral capillary loops not seen in normoglycaemie merebers of the F 1 generation. Glomeruli of the F 1 generation showed a greater variety of changes, but it was again difficult to derive any clear relationship between the observed changes and the diabetic status of the individual animal. Cystic capillary dilatation, occasionally occupying as much as one third of the glomerular diameter was identified in a number of animals, mostly hyperglyeaemic. The appearances were identical to those described by Huekel [15] and Anderson [16] in human diabetics. Individual lesions were packed with red cells and the capillary wall did not appear thickened. The appearance of small aggregates of silver positive material in the mesangial region was a common feature in normoglycaemic animals. Some animals, however, showed marked increases in mesangial argyrophilia and although often present, associated thickening of peripheral capillary walls was not always identifiable. There was no evidence of nodular lesions of the glomerular tufts and glycogen could not be identified histochemically in the renal tubules. Some hyaline thickening of afferent arterioles was noted, particularly in animals of the parent generation.
Renal changes are similar to those reported in man, the lack of nodular glomerular lesions possibly reflecting the comparatively shorter duration of diabetes in the tuco-tuco. Although no quantitation of basement membrane thickness was attempted by electron microscopy, this species may be a suitable model for assessing the association between such mierovascular pathology and the presence of hyperglyeaemia and related metabolic factors.
Lens
Irregular and variable size vacuoles were identified histologically in all lenses previously noted, during in-rive examination, to have any abnormality in excess of refractive change. Many lenses showed additional marked disruption of lens cortex (Fig. 2) , as previously described in hyperglycaemic sand rats by Hackel et al. [11] .
Discussion
Although there are no data on blood sugar levels or cataract occurrence in this species of tuco-tuco in the wild, Darwin [17] was told that many C. brasiliensis were blind when caught. Lens lesions were not observed when our tuco-tucos were caught, and no lens changes were reported in wild C. torquatus [18] . The development of hyperglycaemia in the C. talarum colony is associated with increase in weight, presumably due to inactivity coupled with the ready availability of high calorie food in the form of compound diet pellets. In these respects the tuco-tuco resembles the spiny mouse [4] and the sand rat [3] , but the high prevalence of hyperglycaemia in the tuco-tuco colony is of interest.
Lens changes were clearly related to elevated blood sugar levels, as measured by the ferricyanide method. Lens lesions were noted at blood sugar levels considerably lower than those found to be necessary for the production of cataracts in alloxan-diabetic rats [19] ; this was particularly true for the parent colony. Such a phenomenon may be due to a species difference in lens susceptibility to hyperglycaemia, to additional cataractogenic factors in the diet, or possibly to removal of hypoglycaemic agents in the natural diet. Preliminary studies of the urinary sugars in the tueotuco by thin-layer chromatography have revealed small quantities of galactose. This may indicate a co-existent metabolic defect in the galactose pathway, which may be contributory to cataract formation. The regressive lens changes noted have not been confidently recorded previously, either in animals or man.
No suggestion can be made about the mode of inheritance of this form of diabetes. The maternallitter blood sugar correlation indicates an important genetic element, but the lack of any clear division into 'diabetic' and 'non-diabetic' groups on the basis of weight, random blood sugar values, glucose tolerance tests or insulin sensitivity, renders multifactorial inheritance rather more likely than a single gene determinant. Hyperglycaemia was more prevalent and greater in degree in the F 1 animals than in the parents after identical or shorter periods of exposure to the compound pellet diet. Although negative correlation of blood sugar with age within the F 1 generation did not reach significance, it does imply a greater susceptibility of younger animals to hyperglyeaemia. The greater prevalence of cataracts and their more advanced form in the F 1 generation is probably partly due to the greater frequency of hyperg]yeaemia in this group. However, it has been shown that young rats are more susceptible to cataract than are older rats for a given degree of alloxan-induced hyperglycaemia [20] . To test this possibility in the tueo-tueo, an arbitrary blood sugar value of 130 mg per cent was chosen. In the F 1 generation 10 animals exceeded this value and 8 (80%) also had lens abnormalities. In the parent colony, only 4 of 11 animals (36%) with blood sugar levels over 130 mg per cent had lens changes (X 2 = 4.08, 0.025 < P < 0.005). This lends some support to the concept of inverse age-related lens susceptibility to hyperglyeaemia.
The metabolic lesion which predisposes to the dietinduced hyperglycaemia in this species cannot yet be defined. The extreme tolerance to insulin suggests peripheral interference with insulin action, although it is possible that bovine insulin lacks the species specificity necessary for hypoglyeaemie effect in this animal. The way in which deaths in the colony were related to hyperglyeaemia is obscure; there was no evidence of generalised infection and none of the animals appeared to succumb from diabetic ketosis. However, electrolyte disturbances secondary to hyperglycaemia or hyperosmolar coma remain distinct possiblities.
The symptoms exhibited by this colony of tueotucos indicate that these animals show a mild form of diabetes mellitus, comparable to maturity onset diabetes in man. Thus the tuco-tueo may provide a useful model for studies in this field although several points, such as the respective roles of diet and exercise, additional diabetogenie effects and methods of overcoming the associated infertility, require further study. It is unlikely that the tueo-tuco is unique and the effect of diabetes on mortality and reproduction suggested by these and other studies may have significance for the hcatth of other captive species.
